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In this study, the electrical aging of 15 kV Ethylene Propylene Rubber (EPR)
power cables, located in PVC pipes containing water, was conducted by ac voltage with
switching impulses superimposed. The experiments provided a better understanding of
the electrical aging phenomenon of EPR cable insulation. They also helped to assess the
reliability of EPR cables used under such circumstances.
EPR cable insulation was aged by rated ac voltage with switching impulses
superimposed. The experiments also examined the degradation of EPR insulation by
elevated ac voltage with switching impulses superimposed. Partial discharge parameters,
capacitance and dissipation factor were measured at subsequent intervals during the aging
process so as to understand the factors affecting aging process. After completion of the
aging study, the remaining dielectric strength of tested cables was evaluated by ac
breakdown voltage measurement.
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CHAPTER I
INTRODUCTION
1.1

Objective of the study
Polymer insulated power cables have been installed in power distribution systems

for more than 50 years. Compared to traditional paper oil insulated cables, the extruded
solid dielectric cables have excellent electric properties and moisture resistance,
extremely low moisture vapor transmission, and high resistance to chemicals and
solvents. Typical polymeric materials used for extruded solid dielectric power cable
insulation include polyethylene (PE), cross-linked polyethylene (XLPE), and ethylene
propylene rubber (EPR) [1]. The high, short-term dielectric strength, high operating
temperature, and better moisture and treeing resistance make EPR preferable to PE,
which has the ability to retain its electrical and physical characteristics in the presence of
water and oxygen [2]. However, premature failure of polymer cables under service
conditions has been a great concern for cable industry [3].
During their service, power cables encounter electrical, mechanical, and thermal
stress. All these stresses initiate changes in properties of cable insulation materials,
leading to the deterioration of cable insulation. In addition to these stresses, conditions of
surrounding environment also affect the aging of power cables. In some cases, such as in
moist environment, the influence of the surrounding conditions is of more significance
[4-6]. Hence, failure of polymer cable insulation under service conditions can be
attributed to the combined effect of multiple stresses, such as electrical, thermal, and
1

mechanical stress, and environmental conditions. Short time overload currents lead to
thermal aging of polymer cables. Thermal aging results in the creation of amorphous
phase regions in the insulation. Partial discharges initiated in amorphous regions lead to
degradation due to treeing [7]. If the insulation layer comes in contact with water or other
chemicals, accelerated aging would be triggered as a result of the formation of electrochemical trees [8]. Temperature, water and chemicals influence the life and reliability of
cables. Factors such as electrical field and temperature have synergistic relation. Failure
of insulation due to these factors could be explained based on electric field concentration
in inhomogeneous regions and micro-cracks [9]. Also, mechanical stresses resulting from
thermal expansion, vibrations, and compressive forces lead to formation of initiation sites
for insulation degradation.
It is well known that single-stress aging does not reproduce the same results under
multi-stress conditions. Also, different life models based on multi-stress aging proposed
by various researchers in the past do not satisfy all conditions [10]. Although a good
understanding of aging mechanisms under single stress was achieved, more research
work is needed to fully grasp the phenomena taking place under multi-stress conditions.
Hence, this study was aimed at gaining new information on the performance of 15 kV
EPR power cables under such conditions.
Cable insulation is placed under heavy electrical stress due to overvoltages
occurring during switching operations taking place in the power system. Transients
overriding the normal ac operation voltage of the power system are some of the most
hazardous conditions for cable insulation life. Hence, electrical aging of polymer
insulated power cables under multi-stress conditions is still a lively subject of
investigation among researchers all over the world [11].
2

In this study, the electrical aging of 15 kV Ethylene Propylene Rubber (EPR)
power cables was undertaken by ac voltage with switching impulses superimposed.
The cables were located in PVC pipes containing water. Measurement of partial
discharge parameters, such as inception voltage, extinction voltage and pulse magnitude,
were carried out at regular intervals during the aging study in order to understand the
aging process and effect of various factors on the cable insulation. The remaining
dielectric strength of cables was evaluated by performing an ac breakdown test after the
completion of aging study. Also, the bulk changes in EPR cable insulation were studied
by capacitance and dissipation factor measurement. The experiments aimed at providing
a better understanding of the electrical aging phenomenon of EPR cable insulation in
multi-stress conditions. It is also expected to help assess the reliability as well as estimate
lifetime of EPR cables used under such circumstances.
1.2

Overview of the study
The experiments conducted for this study were performed in the High Voltage

Laboratory at Mississippi State University. The 15 kV EPR cables located in PVC pipes
containing water, were aged by rated ac voltage with switching impulses superimposed.
The degradation of EPR insulation by elevated ac voltage with switching impulses
superimposed was also studied under similar conditions. A 13,000 standard switching
impulses of 250/2500 µsec were applied during 1300 hrs of aging study by using
a 4 stage, 8 kJ impulse generator. Rated ac voltage and elevated ac voltages were
provided by a 120/24000 V transformer. Rated current of 226 A was circulated through
the cables using a 2 kVA current transformer to apply thermal stress. Partial discharge
parameters, such as inception voltage, extinction voltage and pulse magnitude
3

(at inception voltage), were measured at subsequent intervals during the aging process so
as to study the effect of various factors on degradation of EPR cable insulation.
Capacitance and dissipation factors were also measured so as to understand changes in
bulk properties of the insulation. After completion of aging study, remaining dielectric
strength was evaluated by ac breakdown voltage measurement.
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CHAPTER II
LITERATURE REVIEW
Power system reliability arising from long cable life and trouble free performance
are of extreme importance to electrical utilities and their customers. Power outages
resulting from premature cable failure cause severe economic losses and also customer
dissatisfaction. Traditional oil-impregnated paper cables have served the power industry
for more than a century. Also, extruded dielectric cables such as PE, XLPE and EPR have
gained increased popularity in the recent years. This chapter deals with evolution of the
cables used in power system, breakdown mechanisms in solid dielectrics, partial
discharge phenomena, treeing phenomena and multi-stress aging phenomena.
2.1

Evolution of power cables
Ferranti, in 1890, was first person to utilize 10 kV impregnated paper cable.

Though the use of impregnated paper insulated cables increased rapidly, they could not
long meet the demands. The cables were naturally susceptible to contraction and
expansion due to heating and cooling cycles which limited their temperature and voltage
ratings. As a remedy to this, Emanuelle, in 1917, designed a hollow conductor pipe for a
high voltage system in which oil was circulated from external tanks under pressure. This
technique of self contained oil filled cables became very popular and technological
advancement lead to their widespread use [12].

5

In 1930s, polyvinylchloride (PVC) was created in Germany. However, its
unfavorable electrical characteristics, such as high permittivity and high dielectric losses,
limited its use to medium voltage cables. Though, a number of synthetic elastomers such
as butyl rubber, silicon rubber, and nitrile rubber were tried, none survived for long. In
1938, a low density polyethylene (LDPE) was developed which exhibited a unique
combination of electrical and mechanical properties. The new product showed high
intrinsic strength, low permittivity, low dielectric losses and good thermal conductivity
However, it suffered from low crystalline melting temperature, sensitivity to oxidation,
electrical discharges, etc. In 1950s, a high density polyethylene (HDPE) was developed
in Germany. It had better mechanical and thermal characteristics then LDPE [12].
The means for crosslinking were developed at the end of 1950s. This
development not only allowed to retain chemical and mechanical properties of PE, but it
also increased its thermal stability. Operating temperature was increased up to 90° C
under steady state, 100-105° C under emergency and 250° C under short circuit
conditions. Also, crosslinking made it possible to introduce additives, such as antioxidants, to improve its resistance to various stresses. Hence, crosslinked polyethylene
(XLPE) cables developed very fast since 1960s in United States, Japan and other
countries. They have replaced paper and PE insulated cables for distribution voltage
range [12].
The development of XLPE, which has characteristics close to natural
polyethylene with the advantage of higher temperature capability, has been a major
turning point [12]. However, PE and XLPE suffer from other disadvantages such as high
volumetric coefficient of thermal expansion and surface corona effect. Carbon black
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fillers improve mechanical and high temperature performance but are electrically less
stable [14]. Ethylene propylene rubber (EPR) is another very popular material used for
manufacturing solid dielectric cables. As compared to XLPE which contains at least 98%
polyethylene, EPR contains only about 50% of base polymer [3].
EPR shows very high resistance to partial discharges which compensates for its
lower dielectric strength and higher loss factor as compared to PE [15]. Also, it has high
flexibility, high thermal stability and is less sensitive to water treeing. Evaluation of
eighteen year old EPR insulated cable situated in moist environment removed from
service showed it to be in excellent condition. As compared to six to eleven years aged
XLPE insulated cables it possessed higher ac breakdown strength. EPR cable was
demonstrated to be tree retardant [16]. XLPE, which was first introduced in 1950s, and
EPR, introduced in 1970s, are increasingly gaining market share. They have been
successful in replacing oil filled cables in low and medium voltage levels due to ease of
installation, splicing and termination. Paper oil insulated cables are still preferred in the
Extra High Voltage (EHV) and Ultra High Voltage (UHV) power system.

Figure 2.1

15 kV EPR insulated power cable [17]
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Figure 2.1 show 15 kV EPR insulated power cable. The typical structure of
polymer insulated cables consists of outer PE or PVC sheath which provides protection
against water, corrosion, etc. Copper or aluminum, solid or stranded conductors are
generally used for power cables. A semiconducting conductor shield reduces protrusions
and smoothes electric field. The insulation layer consists of PE, XLPE or EPR. Copper
tape provides shielding so as to pass on any leakage current to ground.
2.2

Extrusion process of polymer cables
Extrusion is the process of coating the cable conductor with semi-conductor layer

and polymer insulation layer with required molten polymer material. Previously
insulation used to be extruded alone. Now two or three layers such as conductor shield,
insulation and insulation shield can be extruded simultaneously [1]. Conductor is
preheated so as to bring it to temperature of molten polymer. It also provides good
adhesion [18]. After extrusion, controlled cooling of cable takes place. Extrusion
processes lead to formation of defects such as contaminants, cavities, protrusions, etc in
polymer cables. These processes are continuously improved so as to reduce such defects.
Dry type curing is being preferred to steam type curing processes as it reduces cavities in
the insulation. Figure 2.2 shows the motion of polymer insulation during the extrusion
process over the conductor shield. As molten insulation solidifies, the structure of
polymer insulation obtained is inhomogeneous. The surface of such insulation layer is
shown in Figure 2.3. It indicates the presence of amorphous and crystalline phase in the
polymer insulation. Hence the FTIR measurements conducted with 100 µm of infrared
beam do not show consistent results.
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Figure 2.2

Motion of polymer insulation during the extrusion process [19]

Figure 2.3

Structure of polymer insulation [19]
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Manufacturing failures and degradation during operation lead to imperfections in
power cables. Figure 2.4 shows typical imperfections found in polymer cables such as
micro cavities, splinters, projections, and bubbles [20]. During service in power system,
electrical tree would develop from those imperfections.

Figure 2.4

Defects in polymer cable insulation [1]

a.
b.
c.
d.
e.

Loose semi-conductive screen
Bubbles caused gas-evolution in the conductive screen
Cavities due to shrinkage or gas-formation in insulation
Defects in the core-screen
Inclusion of foreign particles that separate gases, often due to moisture in the
particles
f. Projections or points on the semi-conductive screen
g. Splinters and
h. Fibers
2.3

Breakdown in solid dielectrics
Electrical failure in solid insulation is of a non-reversible destructive type whereas

in gases and liquids it is of the reversible, non-destructive type. Therefore, solid insulated
systems such as polymer cables are of the most interest in aging studies [21]. Polymer
cables in service encounter electrical, thermal, mechanical and environmental stresses.
10

Solid insulation provides mechanical support as well as electrically insulates high voltage
structures. Although numerous investigations and theories on breakdown mechanisms in
solid dielectrics have been presented since decades, it is still not very clear. Breakdown
voltage of solid insulation is influenced by wide range of factors, such as temperature,
humidity, duration of the test, type of voltage applied, pressure on electrodes, etc.
Under controlled temperature and environmental conditions, if the voltage is
applied to a pure and homogeneous test material such that no external discharges occur,
the electric strength of the material increases and attains a value known as intrinsic
electric strength. Intrinsic breakdown in solid dielectrics occurs when the effective
maximum stress exceeds the intrinsic electric strength of the material. Breakdown is
achieved in 10-8 sec and, hence, suggested to be electronic in nature. The stress required
is also greater than 106 V/cm. The intrinsic strength is achieved when electrons in valence
band gain sufficient energy to cross the forbidden energy gap to reach the conduction
band [1].
Heat is continuously generated in the dielectric due to conduction currents and
losses due to polarization. When rate of heating exceeds rate of cooling the insulation
reaches a state of instability, as conductivity increases with temperature. This state may
lead to thermal breakdown. Temperature dependence of electric strength in polymers is
divided into 2 regions, low temperature region and high temperature region. In the low
temperature region, electric strength slightly increases with temperature or is independent
of temperature. In the high temperature region, electric strength decreases with
temperature [22].
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As a result of manufacturing processes, cavities or voids are inadvertently formed
within the solid dielectric materials such as the polymer cables. As these cavities are
generally filled with gas or liquid, which have lower permittivity and dielectric strength
than solids, field intensity is higher in the cavity as compared to dielectric. Therefore,
under normal working conditions, breakdown known as erosion may occur in the cavity
when the voltage exceeds the strength of the medium filled in it [1].
In divergent fields, stress enhanced conductivity and space charge accumulation
reduce the stress near sharp points [23]. M. Ieda discussed various breakdown
mechanisms in polymers with respect to its chemical structure, structural irregularities,
presence of additives, molecular motion, etc [22]. A physical model of electrical aging
and breakdown of polymer insulated cables was postulated and supported with test results
by G. Bahder, T. Garrity, M. Sosnowski, R. Eaton, C. Katz [24]. They concluded that
scission of molecular chains and formation of craters at discharging voids are responsible
for aging and voltage breakdown of polymer cables [24]. S. Grzybowski and J. Fan
studied the electrical breakdown characteristics of XLPE cables under ac, dc and
pulsating voltages. Pulsating voltage was found to be an effective way to detect
imperfections inside XLPE cables [25].
2.4

Partial discharge mechanism
Partial discharge is an electrical discharge which does not completely bridge the

insulation between the electrodes [26]. It results as a consequence of local stress
concentrations. Table 2.1 shows typical degradation processes taking place in the power
cables. Partial discharge (PD) is the cause as well as effect of various degradation
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processes. It can serve as an indicator of electrical tree as well as propagate the growth of
electrical tree [27].
Table 2.1

Typical insulation degradation processes of the cable insulation[28]

A. L. Mckean studied the role of micro-porosity in the breakdown mechanism of
XLPE. Although a significant increase in the breakdown strength of liquid impregnated
cable over standard cable was obtained, the relative influence of microvoids on
breakdown mechanism could not be established [13]. The voids or cavities found in solid
insulation generally contain gas or liquid medium which has permittivity ε different from
that of rest of insulation. Hence, it can be seen as two capacitances connected in parallel.
Figure 2.5 shows a cross section of a dielectric of thickness d with a void of thickness d1
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and its equivalent circuit where, Cv, Cb, and Ca represent capacitances of void, dielectric
in series with void and rest of solid dielectric.

Figure 2.5

(a) Void in solid dielectric [29] (b) Its equivalent circuit [29]

If Va is the voltage applied across dielectric and Ev is the field stress across void,
voltage across void Vv is given by

Then, the voltage across dielectric that will initiate discharge in void is given by,

Partial discharge occurrence in the insulation produces current pulses. Figure 2.6
helps to understand the sequence of breakdown of void where, Vi is the critical
breakdown voltage of the cavity, Ve is the voltage after discharge dies down. Vi is also
called partial discharge inception voltage and Ve is partial discharge extinction voltage.
The dotted curve demonstrates the voltage across void if no breakdown occurs. As
voltage across void, Vv reaches Vi discharge takes place and voltage drops down and gap
14

is extinguished. It increases again and reaches Vi and partial discharge occurs again.
Similarly, partial discharges may occur during negative half cycle as Vv reaches –Vi.
Many discharges lead to positive and negative current pulses during respective voltage
cycles. The partial discharge detector detects these current pulses and produces an
equivalent voltage or current signals proportional to charge of the pulse.

Figure 2.6

Voltage and current paths of partial discharge in a void [2]

The condition of the cable insulation can be best evaluated by measurement of
partial discharges. Partial discharges within certain limits are acceptabe, but beyond these
levels leads to deterioration of the insulation and can lead to failure. Visual, audible,
ultrasonic, electrical methods, etc. can be used to detect PD. Figure 2.7 shows the general
test circuit for partial discharge measurement according to IEC standard 60270 [30].
Coupling device, CD, is connected in a series, whereas coupling capacitor Ck is
connected in parallel with the test object. When the test object is grounded, cables such

15

as those in service conditions test circuit are shown in Figure 2.8 can be used. Here, a
coupling device is connected in series with a coupling capacitor and the test object is in
parallel to this assembly.

Figure 2.7

Coupling device CD in series with test object [30]

Components,
high voltage supply
Zmi Input impedance of measuring system
CC Connecting cable
OL Optical link
Ca Test object
Ck
Coupling capacitor
CD Coupling device
MI Measuring Instrument
Z
Filter
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Figure 2.8

Coupling device CD in series with coupling capacitor Ck [30]

Partial discharge characteristics vary with location, type, and size of the
imperfections. Applied voltage, insulation type, operating temperature, and duration of
measurement also affect PD. E. Gulski and F. H. Kreuger characterized different
discharge sources using a computer –aided discharge analyzer, a combination of
statistical and discharge parameters [31]. Different discharges have different
characteristic parameters. For example, PD inception voltage showed increasing time
dependence when discharge takes place in dielectric bounded and electrode-bounded
cavities. Surface discharge and treeing discharge showed an increasing number of
discharges with time, whereas a cavity discharge is characterized by a decreasing number
of discharges [31]. Different physical processes influence the discharge activity
depending on the type of defect which produces PD. This phenomenon was simulated
using a deterministic physical model which showed that different parameters are
responsible for different defects [32]. S. Boggs presented the relationship between cavity
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discharge and PD [27]. R. T. Harrold used acoustical waves to PD diagnostics and
non-destructive evaluation as these waves travel by molecular interaction. Wave
attenuation and transit time are very sensitive to changes in the medium they propagate
[32]. Ultra high frequency (UHF) range was applied for the measurement of PD so as to
increase detection threshold, improve localization accuracy and to perform PD
measurements in noisy environment [34].
2.5

Treeing mechanism
When the polymer cable insulation comes in contact with moisture, water trees

develop under the application of electric stress. Initiation, growth, and final breakdown
are the three basic stages of development of water trees. An electrical tree develops from
the tips of water tree. This is the final stage of breakdown. When an electrical tree
propagates and bridges the insulation breakdown occurs. Water trees develop very slowly
whereas electrical trees grow very fast. Several factors such as voltage waveshape,
magnitude, temperature, insulation semi-conducting shield interface, etc. affect the
transition of electrical trees from water trees [35].
High frequency changes the tree shape which affects time to breakdown. Tree
growth therefore depends on applied voltage at high frequencies. Also, space charges
play a significant role in determining shape of trees. Temperature and mechanical stress
reduce time to breakdown [36].
Most water trees grow from inner, semiconducting screens, outer, semiconducting
screens or from contaminants or voids in polymer cables. Under the application of ac
voltage, Maxwell stress is exerted on polymer insulation and micro-cracks are formed.
Water permeates into polymer and vaporizes due to dielectric heating. Vapor pressure
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leads to further deterioration of cables [37]. Relative humidity has a significant effect on
the number of water trees whereas, it depends slightly on temperature. Also, with an
increase in applied voltage and frequency, there is an increase in size of water trees [38].
Water trees are generally classified as vented or bowtie trees. Vented trees initiate
at the interface of insulation with conductor or semi-conductor layer if present, and they
grow very rapidly as compared to bowtie trees. Bowtie trees initiate at voids or impurity
[39]. Large quantities of field aged high molecular weight polyethylene (HMWPE) were
subjected to electrical and physical testing [40]. The degree of aging was primarily
governed by presence or absence of moisture. Cables from a dry environment had
remaining dielectric strength approaching that of new cable samples whereas cables from
the moist environment had a significant reduction in their dielectric strength. Vented
trees were found to originate at the conductor shield. Also, there was a distinct correlation
between ac breakdown and length of vented trees. Bowtie trees, voids and contaminants
did not had less impact as compared to vented trees on dielectric strength of cables [40].
Statistical methods were applied to study the effect of different environmental
conditions on water tree lengths in XLPE at different temperatures. They found that
external environment (ionic aqueous species) and impurities present in cable insulation
have a profound impact on generation of vented and bow-tie trees [41]. The effect of
water tree degradation and impulse voltage application on electrical tree propagation
from water trees was investigated in [42]. Also, the effect of temperature on electrical
tree propagation from water trees was studied in [43].
Although, polymer cables had excellent service records, trees found in the cable
insulation cause worry for the industry. G. Bahder, C. Katz and J. Lawson studied the
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treeing phenomena in cable samples recovered after one to seven years of service. During
the needle test, they found that partial discharge activity increases when a tree is formed
at the needle. The tree growth is proportional to voltage and inversely proportional to
frequency. Once the tree is developed, its propagation does not depend on the
imperfection it originates from. Hence, propagation time can be estimated for trees
appearing in actual service conditions using needle tests, though tree inception time is
significantly reduced. Trees developing from foreign material in insulation were
designated as electro-chemical trees. They develop in cables during service conditions
when insulation comes in contact with water or other liquids [8].
S. Grzybowski and R. Dobroszewski studied the influence of partial discharge on
the rate of electrical tree growth. They suggested that a distinct correlation exists between
axial length of tree and maximum apparent charge [44]. A strong correlation was found
between density of trees greater than 380 µm and ac voltage endurance for service aged
polymer cables and was used to schedule replacement of cables [45].
Y. Sekii studied the initiation and growth of electrical trees in low-density
polyethylene (LPDE) due to positive and negative impulse voltages [46].
A gaseous discharge taking place inside a void leads to erosion of its walls by PD
and subsequently to tree initiation. N. Shimizu and C. Laurent reviewed the electrical tree
initiation mechanisms in discharge free condition [47]. Continuous degradation of
insulation due to long term application of ac voltage leads to the formation of microcavities. Charge injection and hot electron (having sufficient kinetic energy) interactions
with polymer play an important role in this process. Autoxidation leads to faster
formation of micro-cavity [47]. The transition of the electrical tree from inception to

20

propagation occurs in the presence of current pulses due to discharges in gas filled
channels. This would inject charges into the polymer around the discharge head. A repeat
of such processes leads to extension of electric tree. The local space charge fields
determine length of the discharge path and its contribution to tree extension [48].
M. Abou Dakka, A. Bulinski and S. Bamji applied polarization and depolarization
currents obtained at low dc field to correlate with insulation breakdown characteristics for
polymer cables subjected to water treeing [49]. Also, P. Romero and J. Puerta developed
instrumentation to non-destructively detect water trees using dc and ac voltages. Nonlinear dependence of polarization current on applied dc step voltage was used in dc
method whereas dispersion of dissipation factor and capacitance was used in ac method
[50]. Figure 2.9 show water trees and electrical trees developed in the polymer cables

(a)
Figure 2.9

(b)

(a) Water trees [51] (b) Electrical trees [52]
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2.6

Multi-stress aging phenomena
Polymer cables installed in service encounter electrical, thermal, mechanical and

environmental stresses. Electrical gradient in the insulation causes electrical aging. High
temperature environment, high resistive losses and chemical instability lead to thermal
aging. Conditions in the environment of insulation such as moisture, chemical reaction,
oxidation or radiation, etc. give rise to environmental stresses. Mechanical damages to
the cables during installation lead to mechanical stresses. Such a multi-stress situation
cause aging process to accelerate. Many life models based on single stress phenomena
have been proposed in the past such as inverse power law, exponential model, Arrhenius
model, etc. Also, multi-stress life models such as by Simoni, by Ramu, the Exponential
model by Fallou, the probabilistic model by Montanari, and the physical model by Crine
have also been presented. As aging in solid dielectrics is such a complex process and
depends on diverse factors, none of the models could satisfy all the conditions [10].
Results obtained under multi-stress conditions differ significantly from those
obtained by applying single stress sequentially. Failure of polymer cable insulation under
service conditions was attributed to the combined effect of multiple stresses, such as
electrical, thermal, mechanical stress, and environmental conditions. Short time overload
currents lead to thermal aging of polymer cables. Thermal aging would result in the
creation of amorphous phase regions in the insulation. Partial discharges initiated in
amorphous regions, lead to the degradation due to treeing [7]. If the insulation layer came
in contact with water or other chemicals, accelerated aging would be triggered as a result
of the formation of electro-chemical trees [8]. Factors such as electrical field and
temperature had synergistic relation. Failure of insulation due to these factors could be
explained based on electric field concentration in inhomogeneous regions and micro22

cracks [9]. Also, mechanical stresses resulting from thermal expansion, vibrations,
compressive forces lead to formation of initiation sites for insulation degradation. The
structure of crystalline region and degree of crystallinity affect the aging process.
The low temperature aging of XLPE and EPR cables was carried out with and
without applied voltage transients. The ac and impulse breakdown strengths were
affected by transients which also lead to failure in cables [53]. S. Grzybowski, L. Cao,
and B. Pushpanathan studied the electrical degradation of an EPR cable insulation by
switching impulses under dry and moist (cables located in PVC pipes containing water)
conditions [5]. A. Motori, G. C. Montanari studied the dc and ac electrical behavior of
EPR cables aged under different thermal and electrothermal stresses [54]. The EPR
cables failed faster under higher electrical stress and lower conductor load cycle
temperature when aged in tanks with water in conductor strands and outside the cable.
Also, more rapid loss of life was observed with water in conductor strands and air outside
the cables [55]. The combined effect of water or water pressure, moisture, electric field,
and temperature accelerate the decrease of breakdown voltage and the increase of
dissipation factor [56].
G. Mazzanti developed a procedure to estimate the life of high voltage ac cables
subjected to electrothermal stress, load cycling and thermal transients [57]. Also,
accelerated testing procedures were established that can be applied to polymer cables to
achieve the electrothermal endurance characterization of insulation [11].Different modes
of statistical analysis were applied to study the aging of polymer cables in service and in
laboratory by S. B. Dalal and others [58].
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Power cables installed in service are subjected to overvoltages due to switching
operations of the power system. Transients superimposed on normal ac voltage are some
of the most hazardous conditions for cable insulation. Figure 2.10 shows such a
condition. Shorter length cables are more susceptible to transient over-stressing than
longer length cables. Maximum peak can reach very high values for shorter length cables
due to the addition of multiple reflections and hence can be more hazardous to them then
to longer cables [59]. S. Grzybowski, P. Shreshtha, L. Cao studied the effect of switching
impulses on medium voltage XLPE and EPR cables. They found that Partial discharge
activity increases significantly during the aging process [6].

Figure 2.10

Transients superimposed on ac voltage [60]
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CHAPTER III
EXPERIMENTAL SETUP
Two sets of experiments were carried out for this thesis work. Four samples of
15 kV Ethylene propylene rubber (EPR) cables were aged in each set by ac voltage with
switching impulses superimposed. Rated ac voltage (Vo) was applied to one set whereas,
elevated ac voltage (3Vo) was applied to other set. The magnitude of applied impulses
was determined so that each impulse would result in the occurrence of partial discharge,
regardless if impulses get applied during a negative half cycle. Thermal stress was
applied by circulating the rated current for both the sets. Cables, located in PVC pipes
containing tap water, were aged for 1300 hours during which 13,000 switching impulses
were applied. Partial discharge parameters, such as inception voltage, extinction voltage,
pulse magnitude (at inception voltage), were carried out after 100, 200, 350, 500, 650,
800, 950, 1100, 1300 hours of aging. Also, capacitance, dissipation factor measurements
were performed so as to evaluate the changes in bulk properties of the cable insulation.
The ac breakdown test was carried out after the completion of aging study so as to
estimate the remaining dielectric strength of the cable samples.
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3.1

Cable sample preparation
Single phase 15 kV EPR cables with 1/0 AWG solid copper conductors from the

same manufacturer were used for this study. Cross section of the cable used is as shown
in Figure 3.1

Figure 3.1

Cross-section of EPR sample cable [6]

The 15 kV EPR cables were composed of 19 stranded copper conductors of 10
mm in diameter. The stranded conductors were covered by a conductor shield of 0.44 mm
in thickness. The EPR insulation layer was 5.68 mm thick, whereas the semi-conductor
layer was 1 mm thick. The copper tape was wrapped around semi-conductor layer. The
low-density polyethylene (LDPE) jacket was located at the outside of cable assembly,
providing necessary protection for the entire assembly from external damages.
The configuration of cable sample prepared for study was as shown in Figure 3.2.
Four cable samples were tested in the experiments. All EPR cable samples were prepared
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as 5.5 m long segments. The active length was 4.2 m for each EPR cable sample. Proper
terminations were applied to reduce the electric field strength at the end of cable samples.
Figure 3.2 presented the information of prepared cable samples. All cable samples were
placed in PVC conduits which were filled with tap water. The water level was checked
regularly during aging process. The experiments were carried out at a maintained room
temperature (20° C).

Figure 3.2
3.2

Cable sample prepared for study [5]

Scheme of the experiment
Figure 3.3 presents the scheme of experimental setup for aging. Cable samples

were preconditioned for 65 hours as suggested by IEEE standard 1407-2007 at rated
voltage and rated current. All 15 kV EPR cable samples were aged by ac voltage with
switching impulses superimposed. Insulation was heated by supplying rated current
through the cables connected in series across a current transformer. The ac voltage source
was connected in parallel with the cable samples. Sphere gap arrangement was used to
superimpose the switching impulses on the rated ac voltage applied across the cables. All
the cable samples were grounded so as to pass any leakage charge to ground. Figure 3.4
shows four EPR cable samples connected to impulse generator via a sphere gap and
voltage divider.
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Figure 3.3

Scheme of the experiment

Figure 3.4

Four 15 kV EPR cable samples connected to impulse generator, impulse
voltage divider, and ac voltage source
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3.3

Switching impulse generator and ac power source
A 4 stage 8 kJ impulse generator was used to apply 250/2500 µsec switching

impulses. A voltage divider with a 14 bit digitizer was used to record and demonstrate
the applied switching impulses on a computer. Impulses were applied at the rate of
2 per minute. The ac voltage was supplied by 240/24000 V ac transformer rated for
24 kV output and with a maximum capacity to supply 28 kV. An ac voltage with a rating
of 8.7 kV and switching impulses of 52 kV magnitude were applied for set 1. An elevated
ac voltage of 26 kV (3Vo) and switching impulses of 62 kV magnitude were applied for
set 2. The magnitude of applied impulses was manipulated so that each impulse would
result in the occurrence of partial discharge, even if impulses get applied during a
negative half cycle. The ac voltage was measured using 50 pF capacitor voltage divider.
The rated load current of 226 A was circulated using a 2 kVA current transformer.
3.4

Measurement devices
Partial discharge (PD) parameters were recorded during the aging study. The PD

inception voltage and PD extinction and PD pulse magnitude at inception voltage were
measured. Also, capacitance and dissipation factor measurement were performed. The ac
breakdown voltage measurement was conducted after the completion of 1300 hrs of
aging. One cable sample in first set failed at 400 hrs of ac voltage application. Therefore,
only 3 cable samples were taken for partial discharge measurement. The Fourier
Transform Infrared Spectroscopy (FTIR) measurement was carried out to show the
changes from the material science point of view. Measurement devices used during the
study are as follows.
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3.4.1

Partial discharge measurement device
Partial discharge inception voltage, extinction voltage and partial discharge pulse

magnitude at inception voltage were recorded after 100, 200, 350, 500, 650, 800, 1000,
1150 and 1300 hours of aging period for both the sets of the experiment.
All the partial discharge parameters during the experiment were recorded using
the Phenix PD1R partial discharge measurement unit. The 40 kV, 2 kVA PD free
potential transformer provided single phase ac voltage for partial discharge
measurements. A coupling device CIL4M/V1u00 was connected in series with a 50 kV,
1 nF coupling capacitor as per IEC std. 60270 (as shown in Figure 2.8 in chapter II).
Partial discharge signals were conditioned, filtered, and amplified by RPA1 preamplifier
before being displayed on PD1R meter. Voltage was measured using a Hipotronics kV
meter. Figure 3.5 shows PD1R partial discharge detector along with calibrator, coupling
device and preamplifier.
The calibrator CAL1A was used to provide calibration signals. Charge pulses
were injected by variable voltage step via a fixed capacitor. It automatically synchronizes
to line frequency by a photo diode.

Figure 3.5

Partial discharge measurement device and accessories [70]
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3.4.2

Capacitance and dissipation factor measurement device
Capacitance and dissipation factors were measured after subsequent intervals

during the aging period using Biddle Delta-2000 10 kV automated insulation test set. The
capacitor can be represented using two or three terminals. The direct capacitance between
terminals H and L is represented by CHL, whereas between each terminal and ground is
represented by CHG and CLG respectively. GST guard red test mode was used for all
measurements using Delta-2000 insulation test set. The circuit and guarding system for
the same is shown in Figure 3.6. The bridge CHG measures the capacitance shown by
heavy solid line. All internal and external stray capacitances between terminal H and
guards are in parallel with power source and those in between ground and guards terminal
are in parallel with NX branch. Hence, they do not affect the measurements.

Figure 3.6

Test circuit for capacitance and dissipation factor measurement [69]
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3.4.3

The ac breakdown voltage measurement device
After completion of aging period, ac breakdown voltage was measured in order to

estimate the remaining dielectric strength of the cable. A Hipotronics made 250 kV,
60 kVA, 60 Hz was used for this purpose. These tests were carried out immediately after
the cables were aged. Both the ends of cable samples were immersed inside clean mineral
oil in a tank, and the conductors were connected to high voltage ends with cables being
properly grounded. Figure 3.7 show the setup for the ac breakdown test.

Figure 3.7

Setup for the ac breakdown voltage test
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3.4.4

FTIR measurement device
Fourier Transform infrared spectrums for the cable that failed after 400 hours of

aging in set 1 were obtained using Thermo Scientific Nicolet 6700 spectrometer.
To obtain a spectrum, a sample spectrum was ratioed against a background spectrum
which measures the spectrometer response without sample in place. This removes the
effect of instrument and atmospheric conditions so that peaks in final spectrum are solely
due to sample. FTIR measurements were conducted on EPR insulation samples of
approximately 1mm in thickness. An infrared beam of 100 µm in diameter was reflected
from the sample surface. Transmission spectrum obtained after 16 scans of the sample
placed was displayed on the computer connected to Spectrum analyzer as shown in
Figure 3.8.

Figure 3.8

Thermo Scientific Nicolet 6700 spectrometer connected to a computer
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CHAPTER IV
MEASUREMENT RESULTS
During the aging of 15 kV EPR cables, partial discharge parameters, capacitance
and dissipation factor measurements were performed at subsequent intervals. Also, an ac
breakdown test was conducted after the completion of aging study. This chapter presents
the details of the measurement results obtained.
4.1

Partial discharge measurements
Partial discharge parameters, such as partial discharge inception voltage and

extinction voltage and pulse magnitude at inception voltage, were measured during the
aging. Measurements were taken after 100, 200, 350, 500, 650, 800, 950, 1100, and 1300
aging hours. The number of switching impulses applied accordingly was 1000, 2000,
3500, 5000, 6500, 8000, 9,500, 11,000, and 13,000.
4.1.1

Measurement results for the cables aged by rated ac voltage with switching
impulses superimposed (set 1)
In set one, 15 kV EPR cables were aged by rated ac voltage with switching

impulses superimposed. Table 4.1 and Figure 4.1show the partial discharge inception
voltage, whereas Table 4.2 and Figure 4.2 shows the partial discharge extinction voltage
measured after subsequent intervals of aging study.
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Table 4.1

Measured PD inception voltage (kV) for the cables aged by rated ac voltage
with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Figure 4.1

Sample A
(kV)
27
17.4
29.3
27.8
27.9
23.3
27
26.9
24.7
24.5

Sample B
(kV)
34.3
36.1
35.1
31.4
29.5
25.4
24.9
29.4
27.2
27.2

Sample C
(kV)
41.2
22.5
34.4
37.3
33.7
25.9
25.8
19.6
18.8
18.5

Average
(kV)
34.2
25.3
32.9
32.2
30.4
24.9
25.9
25.3
23.6
23.4

Measured PD inception voltage (kV) vs. Aging time for the cables aged by
rated ac voltage with switching impulses superimposed
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Table 4.2

Measured PD extinction voltage (kV) for the cables aged by rated ac voltage
with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Figure 4.2

Sample A
(kV)
25
15.6
27.9
22.7
27.2
18.2
26.4
25.5
23.3
19.1

Sample B
(kV)
32.3
32.3
31.7
27.7
29.1
24.3
23.4
27.4
24
25.8

Sample C
(kV)
37.9
19.3
31.3
36.5
33.1
25.1
20.5
17.9
18.5
15.2

Average
(kV)
31.7
22.4
30.3
28.9
29.8
22.5
23.4
23.6
22
20

Measured PD extinction voltage (kV) vs. Aging time for the cables aged by
rated ac voltage with switching impulses superimposed
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Figure 4.1 shows the changes in PD inception voltage and Figure 4.2 shows the
changes in PD extinction voltage with respect to aging time for the cables aged by rated
ac voltage with switching impulses superimposed. A decrease of inception and extinction
voltage was noticed after the first 100 hours of aging. After aging for the first 100hours,
the inception and extinction voltages started to increase. Similar trends were observed in
literature as well [61-62]. As more switching impulses were applied and longer time
samples were aged, an evident drop of PD inception voltage was observed. Generally,
this phenomenon is attributed to the random nature of micro-cavities and their
deformation into larger cavities inside insulation [63].
Table 4.3

Measured magnitude of PD pulses (pC) for the cables aged by rated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Sample A
(pC)
13.2
16.0
22.6
21.3
10.7
26.8
8.0
43.1
49.6
11.0

Sample B
(pC)
15.6
44.3
9.45
31.2
64.6
31.9
44.2
28.1
55.6
10.2

Sample C
(pC)
15.1
15.5
10.0
12.1
10.1
23.9
24.9
42.0
19.5
18.2

Average
(pC)
14.6
25.3
14.0
21.5
28.5
27.5
25.7
37.7
41.6
13.1

Table 4.3 presents the results of PD pulses magnitudes measured at PD inception
voltage for the cables aged by rated ac voltage, with switching impulses superimposed.
Maximum PD pulse magnitude observed during 10 second time frame was recorded.

37

Figure 4.3 shows PD pulse magnitudes plotted against aging time. Although, PD
inception voltage shows a decreasing trend with aging time, PD pulse magnitudes,
measured at PD inception voltage, showed a random phenomenon.

Figure 4.3

4.1.2

Measured PD pulse magnitude (pC) vs. Aging time for the cables aged by
rated ac voltage with switching impulses superimposed

Measurement results for the cables aged by elevated ac voltage with
switching impulses superimposed (set 2)
In set 2, 15 kV EPR cables were aged by elevated ac voltage, with switching

impulses superimposed. Table 4.4 and Figure 4.4 show the partial discharge inception
voltage. Table 4.5 and Figure 4.5 show the partial discharge extinction voltage measured
after subsequent intervals of aging study.
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Table 4.4

Measured PD inception voltage (kV) for the cables aged by elevated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Figure 4.4

Sample A
(kV)
32.4
29.5
25.9
38.7
30.3
28.7
26.8
25.2
24.6
22.9

Sample B
(kV)
31.2
34.3
31.5
32.9
32.2
26.2
35.5
14.6
13.3
11.6

Sample C
(kV)
34.5
36.1
28.4
32.1
27.7
28.3
26.6
26.0
24.6
20.3

Average
(kV)
32.7
33.3
28.6
34.6
30.1
27.7
29.6
21.9
20.8
18.3

Measured PD inception voltage (kV) vs. Aging time for the cables aged by
elevated ac voltage with switching impulses superimposed
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Table 4.5

Measured PD extinction voltage (kV) for the cables aged by elevated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Figure 4.5

Sample A
(kV)
30.4
28.0
25.2
37.2
28.1
26.0
25.3
22.8
20.5
17.5

Sample B
(kV)
30.8
33.8
27.6
31.0
30.2
22.7
34.8
12.0
11.9
10.2

Sample C
(kV)
32.7
33.6
26.4
29.2
25.9
28.3
25.2
15.6
16.4
15.8

Average
(kV)
31.3
31.8
26.4
32.5
28.1
25.7
28.4
16.8
16.3
14.5

Measured PD extinction voltage (kV) vs. Aging time for the cables aged by
elevated ac voltage with switching impulses superimposed
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Figure 4.4 show the changes in PD inception voltage and Figure 4.5 show the
changes in PD extinction voltage with respect to aging time for the cables aged by
elevated ac voltage with switching impulses superimposed. A decrease of partial
discharge inception and extinction voltage were observed after the first 150 hours of
aging. After the first 150 aging hours, the inception and extinction voltages also started to
increase. A similar trend was noticed after first 100 hrs of aging in set one. As more
switching impulses were applied and longer time samples were aged, a very significant
drop of PD inception voltage was observed.
Table 4.6

Measured magnitude of PD pulses (pC) for the cables aged by elevated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Sample A
(pC)
46.7
51.9
48.6
22.6
11.2
11.2
10.4
13.5
33.0
23

Sample B
(pC)
35.7
69.4
84.8
13
12.2
12.7
11.0
20.0
23.3
28.4

Sample C
(pC)
32.8
8.09
12.6
20.5
16.4
13.6
10.4
31.2
24.1
61.8

Average
(pC)
38.4
43.1
48.7
18.7
13.3
12.5
10.6
21.6
26.8
37.7

Table 4.6 presents the results of PD pulses magnitude measured at the PD
inception voltage level. Figure 4.6 shows PD pulse magnitudes plotted against aging time
for the cables aged by elevated ac voltage with switching impulses superimposed. The
random nature of the PD pulse magnitudes can be seen here. The cable insulation
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consists of hundreds of micro-cavities which could be very larger or smaller. Since the
cable system as a whole with terminations was aged and tested, the areas of local stress
concentrations, conditions in micro-cavities may have changed.

Figure 4.6

4.1.3

Measured PD pulse magnitude (pC) vs. Aging time for the cables aged by
elevated ac voltage with switching impulses superimposed

Comparison of PD parameters for set 1 and set 2
The 15 kV EPR cables were aged by rated as well as elevated ac voltage, with

switching impulses superimposed. Comparisons of the PD parameters such as PD
inception voltage, extinction voltage and pulse magnitude measured at inception voltage
are shown in this section. Figure 4.7 displays the average partial discharge inception
voltages obtained for cable aged by rated ac voltage with switching impulses
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superimposed (set 1) and cables aged by elevated ac voltage with switching impulses
superimposed (set 2) against aging time.

Figure 4.7

Average PD Inception voltage for the cables aged by rated and elevated ac
voltage with switching impulses superimposed
Figure 4.8 shows the average partial discharge extinction voltages

obtained for cables in sets one and two. After 1000 hrs of aging study, cables aged by
elevated ac voltage, with switching impulses superimposed, show much lower PD
inception and extinction voltage as compared to cables aged by rated ac voltage, with
switching impulses superimposed.
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Figure 4.8

Average PD extinction voltage for the cables aged by rated and elevated ac
voltage with switching impulses superimposed

Figure 4.9

Average PD pulse magnitude for the cables aged by rated and elevated ac
voltage with switching impulses superimposed
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Figure 4.9 shows the average PD pulse magnitudes plotted against aging time for
cables in sets one and two. In order to determine relation between PD pulse magnitudes
and size of cavity in the cable insulation, PD pulse magnitudes were obtained at PD
inception voltage. But, a very random phenomenon was seen here. The differences in
partial discharge activities can be explained through the random nature of submicrocavities and micro-cavities, proposed by J. P. Crine [64]. Insulation layers are
manufactured with free volume inside. When the free volume is rearranged, submicrocavities come into existence. The local electric stress at the tips of the submicro-cavities
is much higher than the service stress. These sites will become the source for the
initiation of partial discharge activities. During the aging, the submicro-cavities can
merge into bigger size micro-cavities [10]. However, it has been discovered that the
larger micro-cavities are less prone to charges, which explains the increase in partial
discharge inception and extinction voltages during aging [64].
4.1.4

Effect of different aging conditions on PD inception voltage
Table 4.7 shows the effects of different aging conditions on 15 kV EPR cable

samples. Percentage reduction in the average partial discharge inception voltage of the
aged cable samples was calculated with respect to the new cable samples. Cable samples
aged with an elevated ac voltage (3V0) did not show any significant change in PD
inception voltage after 650 hrs of aging, but cable samples aged with an elevated ac
voltage and rated current showed a drop of 26. 87%. Cable samples aged by a rated ac
voltage (V0), with switching impulses superimposed, presented a reduction of 31.57% in
PD inception voltage. Also, cable samples aged by an elevated ac voltage, with switching
impulses

superimposed,

show

44.04%
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reduction

in

PD

inception

voltage.

The comparison confirmed that the magnitude and the number of switching impulses
along with thermal stress had great impact on the degradation of the cable insulation. All
the cables aged under different conditions were located in PVC pipes containing water.
Table 4.7

Percentage reduction of PD inception voltage (PDIV) for 15 kV EPR cables
aged under different conditions

Aging conditions for 15 kV EPR cable samples

Percentage reduction
of PDIV

650 hrs of aging with elevated ac voltage (3Vo)
[63]
650 hrs of aging with elevated ac voltage (3Vo)
with rated current [63]
1300 hrs of aging at rated ac voltage and
current, switching impulses superimposed
1300 hrs of aging at elevated ac voltage and
rated current, switching impulses
superimposed

4.2

0
26.87
31.57
44.04

Capacitance and dissipation factor measurements
The measurement of capacitance and dissipation factor could be used to reflect

the change of bulk properties during the aging process. The increase in these factors
would indicate the extent to which degradation has taken place. In this study,
capacitances and dissipation factors of cable samples were recorded at 9 kV, 60 Hz after
subsequent intervals of aging process.
4.2.1

Measurement results for the cables aged by rated ac voltage with switching
impulses superimposed (set 1)
Table 4.8 presents capacitance and Table 4.9 shows the dissipation factor of cable

samples aged by rated an ac voltage, with switching impulses superimposed.
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Table 4.8

Measured capacitance (pF) at 9 kV, 60 Hz for the cables aged by rated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Table 4.9

Sample A
(pF)
880.7
880.0
893.9
883.4
885.8
882.5
881.0
878.9
878.0
877.8

Sample B
(pF)
882.9
882.3
885.5
884.3
888.1
884.5
882.3
880.5
879.9
879.8

Sample C
(pF)
877.4
877.8
880.7
879.5
883.0
880.7
870.7
876.5
875.6
876.1

Average
(pF)
880.3
880.0
886.7
882.4
885.6
882.6
878.0
878.6
877.8
877.9

Measured dissipation factor at 9 kV, 60 Hz for the cables aged by rated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1100
1300

Sample A
(%)
0.21
0.20
0.20
0.19
0.20
0.20
0.20
0.20
0.19
0.19

Sample B
(%)
0.21
0.20
0.20
0.19
0.19
0.19
0.19
0.20
0.19
0.20
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Sample C
(%)
0.21
0.20
0.20
0.19
0.19
0.20
0.19
0.19
0.19
0.20

Average
(%)
0.21
0.20
0.20
0.19
0.19
0.20
0.19
0.20
0.19
0.20

4.2.2

Measurement results for the cables aged by elevated ac voltage with
switching impulses superimposed (set 2)
Table 4.10 presents capacitance and Table 4.11 shows the dissipation factor of

cable samples aged by a rated ac voltage, with switching impulses superimposed.
Table 4.10 Measured capacitance (pF) at 9 kV, 60 Hz for the cables aged by elevated ac
voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1300

Sample A
(pF)
858.6
857.4
854.1
851.8
852.5
856.5
846.4
857.4
861.3

Sample B
(pF)
870.1
868.7
866.7
863.3
865.2
868.0
856.7
866.5
873.1

Sample C
(pF)
864.7
863.7
861.6
858.4
859.7
862.8
853.0
860.8
866.9

Average
(pF)
863.3
860.8
857.8
859.1
862.4
852.1
861.6
862.2
864.5

Table 4.11 Measured dissipation factor at 9 kV, 60 Hz for the cables aged by elevated
ac voltage with switching impulses superimposed
Aging Time
(hrs)
New
100
200
350
500
650
800
950
1300

Sample A
(%)
0.20
0.20
0.20
0.19
0.19
0.18
0.18
0.17
0.18

Sample B
(%)
0.20
0.19
0.19
0.19
0.18
0.18
0.16
0.17
0.17
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Sample C
(%)
0.19
0.19
0.22
0.19
0.20
0.18
0.17
0.17
0.16

Average
(%)
0.20
0.19
0.20
0.19
0.19
0.18
0.17
0.17
0.17

The measurement results show that after 1300 hrs of ac voltage application, as
well as 13,000 applied switching impulses, all cable samples showed good bulk
properties for both the sets. Some minor variations in capacitance and dissipation factors
were observed, but, overall, cable samples showed constancy of capacitance and
dissipation factors. Although the measurement results of capacitance and dissipation
factors did not provide proof of aging, it is generally accepted that capacitance and
dissipation factors measurement would be ideal indicator when the cables are
approaching failure.
4.3

The ac breakdown voltage measurements
The ac breakdown voltages of all EPR cable samples were determined after aging.

During breakdown voltage measurement, the ac voltage was quickly increased to 45 kV.
Then, the voltage would be maintained for 3 minutes. If no breakdown occurred, the
voltage would be increased by a step of 4-5 kV. The voltage would be maintained for 3
minutes for each step. The time to breakdown was recorded as well. By this method, the
big scatter in the ac breakdown voltage between samples can be reduced since rate of rise
of voltage also affects the breakdown voltage obtained. Table 4.12 presents the ac
breakdown voltage and the time to breakdown values for new EPR cable samples
whereas Table 4.13 and Table 4.14 show the values obtained for the samples aged with
rated ac voltage and elevated ac voltage with switching impulses superimposed
respectively.
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Table 4.12 Measured ac breakdown voltage (kV) and time to breakdown for new cables
Sample
ac
breakdown
voltage, kV
Time to
breakdown

Sample A

Sample B

Sample C

Average

81

81

91

84.33

12 min, 14
sec

11 min, 59
sec

15 min, 31
sec

13 min, 15
sec

Table 4.13 presents measurement results of the ac breakdown voltages and the
time to breakdown. The average ac breakdown voltage of 72 kV was obtained for
samples aged by rated ac voltage, with switching impulses superimposed. For the ac
breakdown voltage, the difference between sample and average was less than 5.5%.
Table 4.13 Measured ac breakdown voltage (kV) and time to breakdown for cables
aged by rated ac voltage with switching impulses superimposed
Sample
ac
breakdown
voltage, kV
Time to
breakdown

Sample A

Sample B

Sample C

Average

68

75

73

72

12 min, 43
sec

19 min, 20
sec

17 min, 49
sec

16 min, 37
sec

Table 4.14 Measured ac breakdown voltage (kV) and time to breakdown for cables
aged by elevated ac voltage with switching impulses superimposed
Sample
ac
breakdown
voltage, kV
Time to
breakdown

Sample A

Sample B

Sample C

Average

89

89

58

78.67

28 min, 58
sec

25 min, 26
sec

10 min, 38
sec

21 min, 41
sec
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The average ac breakdown voltage of 78.67 kV was obtained for samples aged by
an elevated ac voltage, with switching impulses superimposed. Table 4.13 presents
measurement results of the ac breakdown voltages and the time to breakdown for the
same.
The average ac breakdown voltage of 84.33 kV is obtained for new 15 kV EPR
cable samples. Cable samples aged by rated ac voltage with switching impulses
superimposed and

those aged by elevated ac voltage with switching impulses

superimposed show a reduction in ac breakdown voltage as compared to new cable
samples. This supports the results of PD mesurement that degradation has taken place
during aging process. Cables aged by rated ac voltage with switching impulses
superimposed show a higher reduction in ac breakdown voltage as compared to those
aged by elevated ac voltage with switching impulses superimposed. Higher ac voltage
applied during aging do not show significant effect on the breakdown strength of 15 kV
EPR cables after 1300 hrs of aging. Similar trends have been reported in the literature
[61-63]. L. Cao in [63] obtained higher ac breakdown voltage for cables aged by elevated
ac voltage (3Vo) as compared to new cable samples and cables aged by elevated (3Vo) ac
voltage with rated current. Partial discharge activity taking place in the small cavities of
the insulation lead to their deformation which helps to increase their dielectric strength.
But, if PD activity continues it leads to formation of large cavities and hence reduced
breakdown strength [23]. It can be noted from partial discharge measurements that PD
activity do not continue at normal ac operation voltage of cables and hence cables retain
good ac dielectric strength after the aging period.
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4.4

FTIR measurements
During the aging, oxidation and subsequent disintegration of molecules are the

most important processes that occur. Also, the content of carbonyl group and oxygen
compounds increase rapidly. Different wavenumbers are sensitive to different physical
and chemical changes. The Fourier Transform Infrared Spectroscopy (FTIR) analysis
gives the absorption spectra which indicate the physical and chemical changes, such as
oxidation in EPR insulation [65]. The FTIR was also used by some researchers to prove
that water tree growth was accompanied by chemical degradation [66].
The EPR cable sample left for the FTIR measurement during set one failed at 400
aging hours, when 4000 switching impulses were applied. To reveal the changes of the
EPR insulation material the FTIR measurement was conducted. For these measurements,
ten slices with thicknesses of 1 mm were removed from EPR cable sample. The first slice
was taken at fault location and the other slices were taken at the distance of 1cm from
each other. FTIR measurements were also conducted on slices from new cable samples.

Figure 4.10

Cross section of EPR insulation showing typical positions where FTIR
measurements where performed
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For each slice, three measurements were taken. Each measurement contains three
infrared spectrums at the outer, center, and inner surface of insulation layer as shown in
Figure 4.10. All new samples showed similarity in infrared spectrum. Figure 4.11 and
Figure 4.12 present infrared spectra of new EPR cable sample and aged EPR cable
sample at fault location respectively. Figure 4.13 show the results of measurement results
of slices that were 10 cm from fault location taken at outer, center and inner surface of
the insulation.

Figure 4.11

Infrared spectrum of new EPR cable sample, at center of insulation
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Figure 4.12

Infrared spectrum of aged EPR cable sample, at fault location
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(a)

(b)

(c)
Figure 4.13

Infrared spectrum of aged EPR cable sample, 10 cm from fault location at
(a) outer surface (b) center surface (c) inner surface, of the insulation
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Figure 4.14

Difference of infrared spectrum between new and aged samples

A frequency range of 2840-2970 cm-1 indicates the presence of C-H stretch bonds.
It showed two peaks of 2918 cm-1 and 2845 cm-1 in the experiment. The decrease of these
two peak values could be observed in Figure 4.14, which suggested breaking of C-H
bond. This may also be due to creation of amorphous regions in the insulation. The
increase around wavenumber 1058 cm-1 indicates the presence of C-O. It shows that the
oxidation had taken place. Generally, wavenumber close to 1719 cm-1 region is treated as
the evidence of C=O. Therefore, the small increase at wavenumber 1719 cm-1 could be
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accepted another proof of oxidation [67]. All the information provided support that the
degradation of insulation materials took place at the fault location.
Also, past researches have shown that the deduction of the content of carbonyl
group as well as the increase in oxygen compounds takes place as a result of insulation
aging [7]. Comparisons of various spectra obtained for new and aged cable samples
reveal that oxidation had taken place during the aging process and insulation had been
degraded as a result. However, the spectrum of slice 10 cm away from fault location after
400 hrs of aging differed slight from spectrum of new sample. Under the impact of
electrical and thermal stress, the imperfections, which was initiated from the local
imperfections gradually developed into fault location of cable samples.
As discussed before, extruded polymer cables have inhomogeneous structure
consisting of crystalline and amorphous phases. Hence, results of FTIR measurements
conducted with 100 µm diameter of infrared beam are the consequence of local
morphology of the insulation where it is conducted.
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CHAPTER V
CONCLUSION
An electrical aging of 15 kV EPR cables by ac voltage and switching impulses
superimposed was carried out during this thesis work. Cables were aged by rated ac
voltage, with switching impulses superimposed. Also, degradation of cable insulation by
an elevated ac voltage, with switching impulses superimposed, was studied. Partial
discharge parameters, such as partial discharge inception voltage, extinction voltage, and
pulse magnitude at the inception voltage along with the capacitance and dissipation
factors, were evaluated during the aging study. The ac breakdown voltage test was
performed after completion of aging study. Based upon the measurement results and
observation, following conclusions are drawn.
1. The 15 kV EPR cables aged by the rated as well as the elevated ac voltage, with
switching impulses superimposed, showed the signs of deterioration during the
aging study.
2. Partial discharge inception and extinction voltages measured after subsequent
periods of the aging study support the conclusion that degradation had taken place.
3. Cables aged by elevated ac voltage with switching impulses superimposed showed
much lower partial discharge inception and extinction voltage as compared to
those aged by rated ac voltage with switching impulses superimposed.
4. Partial discharge pulse magnitudes measured at PD inception voltage during the
aging study show a random phenomenon.
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5. A reduction in the ac breakdown voltages of the cables aged by rated ac voltage
with switching impulses superimposed and of those aged by elevated ac voltage
and switching impulses superimposed with respect to new cable samples is
obtained. This supports the results of PD measurement that degradation has taken
place in cable insulation.
6. The comparison of the infrared spectra of new EPR and aged EPR insulation
materials reveal oxidation during aging.
7. The magnitude and number of switching impulses along with an ac voltage level
and thermal stress have a great impact on the degradation of the cable insulation.
8. Capacitance and dissipation factor measurements do not show significant
variation. Hence, cables are assumed to retain good bulk properties after the aging
study.
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